The water and dissolved inorganic carbon exported by rivers are important net fluxes that connect terrestrial and oceanic water and carbon reservoirs 1 . For most rivers, the majority of dissolved inorganic carbon is in the form of bicarbonate. The riverine bicarbonate flux originates mainly from the dissolution of rock minerals by soil water carbon dioxide, a process called chemical weathering, which controls the buffering capacity and mineral content of receiving streams and rivers 2 . Here we introduce an unprecedented high-temporal-resolution, 100-year data set from the Mississippi River and couple it with sub-watershed and precipitation data to reveal that the large increase in bicarbonate flux that has occurred over the past 50 years (ref.
The water and dissolved inorganic carbon exported by rivers are important net fluxes that connect terrestrial and oceanic water and carbon reservoirs 1 . For most rivers, the majority of dissolved inorganic carbon is in the form of bicarbonate. The riverine bicarbonate flux originates mainly from the dissolution of rock minerals by soil water carbon dioxide, a process called chemical weathering, which controls the buffering capacity and mineral content of receiving streams and rivers 2 . Here we introduce an unprecedented high-temporal-resolution, 100-year data set from the Mississippi River and couple it with sub-watershed and precipitation data to reveal that the large increase in bicarbonate flux that has occurred over the past 50 years (ref. 3 ) is clearly anthropogenically driven. We show that the increase in bicarbonate and water fluxes is caused mainly by an increase in discharge from agricultural watersheds that has not been balanced by a rise in precipitation, which is also relevant to nutrient and pesticide fluxes to the Gulf of Mexico. These findings demonstrate that alterations in chemical weathering are relevant to improving contemporary biogeochemical budgets. Furthermore, land use change and management were arguably more important than changes in climate and plant CO 2 fertilization to increases in riverine water and carbon export from this large region over the past 50 years.
The riverine bicarbonate flux is a sink for atmospheric CO 2 and a small but important net flux in terrestrial systems. In the preindustrial era, chemical weathering of silicate versus carbonate minerals sequestered CO 2 for disparate timescales owing to carbonate deposition in the oceans, with silicate weathering sequestering atmospheric CO 2 for millions of years and carbonate weathering for only tens to hundreds of thousands of years 4 . Oceanic acidification 5 , however, has changed the solubility of CaCO 3 , and considerably lengthened the timescale for CO 2 sequestration by carbonate weathering. Although the positive feedbacks between global change and chemical weathering are used in geochemical models of atmospheric CO 2 (ref. 6), these feedbacks are believed to operate on long timescales and are therefore generally left out of the current discussion on human alterations of the carbon budget. Current global carbon budgets, for example, assume that pre-and post-anthropogenic riverine carbon fluxes are equal 1 . There are two ways to increase the flux of bicarbonate from rivers. The first is to increase discharge. Although bicarbonate and most major cations/anions dilute with increasing discharge 7, 8 , the dilution factor in many watersheds, including the Mississippi River basin (MRB), is small, and the flux of bicarbonate increases at higher discharge 9 . The second way is to alter the relationship between discharge and carbon export, so that a higher carbon export is realized at the same discharge (Supplementary Information). Changes in this export:discharge relationship can be determined by normalizing fluxes to the rate of discharge 10, 11 , which we do here by calculating the bicarbonate flux at average discharge (F avgD ; Supplementary Information). In the Mississippi River, the bicarbonate flux and F avgD show large increases from 1902 to 2005 (Fig. 1) . Importantly, F avgD begins to rise above the early century values around the mid1950s (Fig. 1 ), resulting in a 2.9 Tg (Fig. 1 legend) larger flux during an average annual discharge year at the end of the century (Fig. 1) . The 4.6 Tg ( Fig. 1 legend) increase in flux lags considerably behind the increase in the F avgD because there was a period of low discharge in the 1950s and 1960s (Fig. 1 ). Raymond and Cole 3 analysed a 1954-2001 United States Geological Survey (USGS) data set and concluded that the increase in bicarbonate flux was due mainly to an increase in discharge. This conclusion, however, was biased by a decade of relatively low flow corresponding with the start of the USGS data set. Studies that have analysed smaller temporal data sets, and not normalized for discharge, have also not found these changes in bicarbonate, because of the large annual variation in bicarbonate concentration and flux 12 . The new and higher resolution data presented here corroborate the USGS data set (Supplementary Information), yet indicate that changes in the F avgD are responsible for 63% of the increase in flux (2.9 Tg of 4.6 Tg; Fig. 1 legend) . This is an important distinction, which demonstrates that internal watershed modifications, discussed below, are causing a considerable change in the flux of bicarbonate and other constituents from North America's largest river.
Our sub-watershed analysis indicates that the bicarbonate flux in a large portion of the MRB is transport limited (Fig. 2) . In transport limited systems, soil water ion concentrations are at or near saturation with soil minerals because of low water throughput and long water residence times [13] [14] [15] . As concentrations are at saturation and cannot be raised, this places a hydrologic constraint on the ability of additional acid generating processes (for example, soil respiration) to increase the bicarbonate F avgD . There is no substantial increase in the F avgD in sub-watersheds receiving less than ,0.6 m of rain, indicating severe transport limitation (Fig. 2) . Watersheds receiving between 0.5 and 1 m of rain demonstrate mild transport limitation (Fig. 2) . Although it is difficult to raise the rate of bicarbonate export by increasing the input of weathering agents (for example, CO 2 ) in transport limited watersheds, they are poised to respond to increases in discharge.
Similar to previous studies 16, 17 , our analysis demonstrates an increase in discharge for many gauging stations in the MRB ( Fig. 3 ; Supplementary Fig. 4) . Interestingly, by coupling watershed discharge and precipitation, we find that the discharge increases are only partly explained by concomitant precipitation increases (Fig. 3) . A larger percentage of the increase in discharge, particularly in agricultural watersheds, can be explained by changes in discharge at average precipitation (Fig. 3 ). An increase in the discharge at average precipitation demonstrates that modifications of watershed properties are changing the relationship between precipitation and discharge, causing the amount of discharge to increase in a normal precipitation year (Supplementary Information). It is important to control for precipitation by calculating the discharge at the average precipitation, because the discharge:precipitation ratio naturally fluctuates with varying precipitation in a given watershed 9 . Authors have argued that whole watershed response to vegetation CO 2 fertilization should be causing increases in discharge and in the discharge:precipitation ratio by decreasing evapotranspiration 18, 19 . Here we show that agricultural practices may have a stronger signal in the latter half of the twentieth century for a large river that integrates much of temperate North America. It is important to note that in forested watersheds of the MRB, increases in discharge are highly correlated with increases in precipitation (Fig. 3 legend) and not with discharge at average precipitation.
There is a strong correlation between the percentage land-cover in agriculture and the size of both the increase in discharge and the change in discharge at average precipitation (Fig. 4) . We argue that the relationship between agricultural land cover and the change in discharge at average precipitation demonstrates that agricultural practices are increasing river discharge. This finding is consistent with recent studies arguing for an acceleration of the water budget of the Mississippi River due to changes in agricultural practices over The left panels show all watersheds, while the right panels show only watersheds with 70% or greater cropland land cover. The change was calculated by grouping the data before 1966 and after 1987. It is important to note that in sites with low agricultural cover (,30%), change in precipitation predicts 74% of the variation in change in discharge, while change in discharge at average precipitation can only predict 25%-that is, in forested watersheds changes in precipitation do balance changes in discharge.
similar time periods 20, 21 . Remembering that these agricultural landscapes are highly modified, have soils that are well buffered and moderately transport limited, and therefore have high concentrations of bicarbonate and other important biogeochemical constituents 22 , this amounts to significant increases in fluxes from the US cropland centres. Agricultural liming is undoubtedly playing a role in the increased bicarbonate fluxes [23] [24] [25] , although the impact of liming will be hydrologically constrained in transport limited watersheds.
We can use the data presented here to scale the potential ramifications of increased discharge, due to agricultural practices, on water and bicarbonate fluxes. If one assumes that 42% of the Mississippi watershed is cropland (Supplementary Information) and that there is on average a 4 cm (Fig. 4) increase in discharge not balanced by precipitation on this land-cover, then the annual increase in discharge not balanced by precipitation is 49 km 3 . If we assume that average bicarbonate concentrations from croplands are ,50 mg C l 21 (ref.
3), the result is an additional 2.4 Tg yr 21 of bicarbonate, or about 52% of the increase in flux found in this study. Owing to the much higher bicarbonate yields from these well buffered agricultural soils, increasing the proportion of water originating from croplands will account for 84% of the increase in the F avgD (Fig. 1) . The high concentrations of bicarbonate (50 mg C l 21 ) in cropland rivers and streams are also partly due to agricultural practices like liming [23] [24] [25] , and therefore agricultural practices that have raised bicarbonate concentrations are also partly captured in these estimates. Precipitation has increased by 190 km 3 (,9%) over this same time period (Fig. 1) , which is consistent with estimated values 26 . Using a pre-disturbance discharge:precipitation ratio of ,0.24 ( Fig. 1) and a pre-disturbance Mississippi River bicarbonate concentration of 20.3 mg C l 21 ( Fig. 1 ) results in an increase in flux of 0.94 Tg due to precipitation increases, which is ,20% of the observed increase in flux. Thus, in the MRB, despite a 9% increase in precipitation, the anthropogenic forcing has outweighed the climatic forcing in the past 50 years. The remaining 30% of the increase in bicarbonate flux is due to other mechanisms, such as recovery from acidification 27 , and anthropogenic alterations that allow for a greater response to precipitation post-disturbance.
We argue that changes in agricultural practices have had drastic impacts on the net chemistry and hydrology of the Mississippi. With respect to the discharge increase, agricultural practices have led to an increase of discharge on the scale of ,50 km 3 yr 21 (for comparison, the discharge of the Susquehanna and Rhone rivers are ,30 and 54 km 3 yr
21
, respectively). Potential agricultural practices that might be altering discharge are tile drainage, fertilizer use, irrigation, tillage practices, and changes in crop type 20, 21 , rotation and productivity. These changes, coupled with precipitation increases and the use of lime, have led to a large increase in alkalinity flux. Large scale changes to crop production to meet proposed ethanol production may continue to alter cropland water and carbon export. Furthermore, bicarbonate is the major anion in streams and rivers and is linked to many other element cycles, so large scale changes in bicarbonate demand compensating changes in other important ions, such as calcium and silica 28 . Finally, any element (for example, nitrogen or phosphorus) 22, 29 or pollutant 22, 29 that has elevated fluxes due to agricultural practices is undoubtedly also being affected by the increase in discharge from agricultural watersheds, potentially on a similar scale to those reported here for bicarbonate.
METHODS SUMMARY
The data set used here for the Mississippi River represents tens of thousands of measurements over 100 years, and is therefore the most complete long-term data set for riverine carbon for a major world river ever reported and a data set of primary importance with respect to understanding global change issues. The data originate from the Carrollton and Algiers Water Purification Plants, operated by the Sewage and Water Board of New Orleans, where alkalinity is measured to determine how much lime to add as Mississippi River water is processed for the city. The plants have made multiple measurements of bicarbonate, as alkalinity (Supplementary Information), per day for the past 40 years, and perhaps the past 105 years, although only the monthly averages are available from 1902 to 1961. See Supplementary Information for further discussion of the raw data. The second data set was 106 USGS sub-watersheds that had long-term records of discharge, 84 USGS sites with long-term river chemistry data (augmented with historic data from the state of Illinois water survey to increase the number of agricultural sites), and precipitation data from the PRISM Group, Oregon State University. Explanations and examples of how fluxes were calculated are provided in Supplementary Information. 
